Introduction
Bread wheat (Triticum aestivum L.) is one of the most widely grown crops in the world. It is a polyploid species with a huge genome size of 16 GB/1 C (Bennett and Smith, 1976 ) and a nuclear genome that is characterized by seven homologous chromosome groups. Modern bread wheat is a true breeding hybrid of its ancestors, linked to wild grass species, which still grow in the Fertile Crescent (Patnaik and Khurana, 2001) . Bread wheat has been subjected to many genetic studies, and several genetic linkage maps have been constructed in the last few decades by using different molecular markers. The genetic map of wheat was first based on restriction fragment length polymorphisms (RFLPs), published by Cadalen et al. (1997) , and additional maps were later published by integrating various DNAbased molecular markers such as amplified fragment length polymorphisms (AFLPs), random amplified polymorphic DNA (RAPD), and simple sequence repeats (SSRs). Candidate genes and quantitative trait loci (QTLs) that are associated with important agronomic traits such as flowering time, yield components, quality traits, disease, and pest resistance have been assigned to these maps. Furthermore, some diagnostic markers have been cloned that are now available in wheat for marker-assisted selection (MAS) of dwarfing genes , wheat-rye translocations (Yediay et al., 2010) , vernalization genes, and genes responsible for photoperiod sensitivity and grain softness. However, QTLs/ genes associated with yield and other traits of economic interest must be identified to ensure the future success of wheat breeding. Due to the large and complex genome of bread wheat, QTL mapping for most traits remains distant. Therefore, to identify new QTLs and to increase the efficiency of QTL mapping and MAS, new and updated high-density genetic linkage maps should be constructed using germplasm of diverse origins with many PCR-based markers in bread wheat.
Plant breeding is a long-term process, and molecular tools can be used to overcome difficulties and to ensure the development of more rapid breeding strategies (Alsaleh et al., 2014) . The future success of crop breeding relies on the effective utilization of available genetic diversity and on the identification of important genes/QTLs by genetic resources. Various DNA-based molecular marker technologies (such as RFLP, RAPD, AFLP, SSR, ISSR, SRAP, DArT, and SNP) have been developed over the last three decades. These DNA marker technologies differ in their efficiency when used to genotype agricultural crops, and they have some pros and cons according to the nature of their inheritance. Among the various molecular marker techniques that have been developed over the past two decades, microsatellites or SSR markers are attractive for population genetic research and for genomic mapping, owing to their codominant nature, abundance in the genome, high polymorphism, high repeatability, and reliability, as well as the high degree of information they carry. SSRs have become the markers of choice for cereal genetic analysis and mapping.
Diversity array (DArT) markers involve the use of methylation-sensitive restriction enzymes to digest genomic DNA, which therefore reduces the genome complexity and enriches the low copy sequences for marker development. DArT marker systems are very cost-effective and highly reproducible. DArT marker technology permits several hundred polymorphic loci that are distributed across the whole genome to be genotyped simultaneously without any previous sequence information. As a result, this technology was originally developed for rice, a diploid crop with a small genome of 430 Mbp, and is now available for whole-genome profiling in more than 60 organisms, including many less-privileged crops (Petroli et al., 2012) . The DArT system has been applied in various plant species, including in linkage and QTL analysis in barley (Wenzl et al., 2004) , durum and bread wheat (Semagn et al., 2006) , pigeon pea , eucalyptus (Petroli et al., 2012) , and many other plant species.
Turkey is a major producer of bread wheat in the world. During the last 35 years, wheat production in Turkey has steadily increased, reaching about 21 × 10 6 t/year out of 9 × 10 6 ha, the seventh largest area in the world . Genetic resources from Turkey have contributed significantly to increased wheat production in many countries. Germplasm exploration and collection, resulting in samples from different countries and landraces (e.g., Turkey Red), were evaluated and used to breed new varieties . In Turkey, modern wheat breeding began in 1925. The main goal was to select lines that were adapted to different regions of the country from the local population. This breeding effort quickly produced many cultivars. In 1967, the National Wheat Release and Training Project was established, with the contribution of international organizations, resulting in the Turkish Green Revolution. Since then, many cultivars and breeding lines have been introduced from international research centers such as the International Center for Agricultural Research in the Dry Areas (ICARDA) and the International Maize and Wheat Improvement Center (CIMMYT). Unfortunately the genetic structure and QTLs of these cultivars remain largely unknown. Here, for the first time, we have attempted to develop a linkage map of bread wheat by using the local Turkish cultivar Gerek-79 and the Moroccan cultivar Arrehane, representing the West Asia and North Africa (WANA) region. The WANA region, with Morocco in Northwest Africa and Turkey in Northwest Asia, is characterized by high population growth, low and erratic rainfall, limited arable land, and severely limited water resources. A few genetic linkage maps were constructed using germplasm from this region and some QTL studies have been done to dissect the genetics of complex traits. Therefore, we have attempted to develop a linkage map, using DArT anchored with SSR markers, in order to test and verify the efficiency of DArT markers for use in linkage studies of bread wheat. We also expect that this linkage map will represent the first study using a local cultivar from Turkey, as well as a cultivar from Morocco, and this map will be used for QTL dissection for agronomic traits in further studies.
Materials and methods

Plant material
The mapping population consisted of 114 F 7 generations of recombinant inbred lines (RILs) developed through the single-seed descent method at ICARDA from a cross between the two cultivars Gerek-79 and Arrehane. The parents were chosen because they exhibited contrasting characters associated with morphology and quality, and different responses to biotic and abiotic stresses. The wheat parent Gerek-79 (Mentana/Mayo-48//4-11/3/Yayla-305) was released as a cultivar in Turkey in 1967. This is a winter type and is adapted to high altitude areas. It is droughtand cold-tolerant, tall and late-flowering, and has thinner and shorter grains with poor kernel characteristics. The wheat parent Arrehane is a spring bread wheat cultivar, bred at National Institute of Agricultural Research (IRNA) and released as a commercial cultivar in Morocco in 1996. It is a semidwarf that exhibits early heading, drought susceptibility, and resistance to the Hessian fly, and it combines characteristics associated with adaptation, high yield potential, and yield stability. These parents contrast in their major agronomic traits, such as 1000-kernel weight, spike characteristics, and days to heading, as well as physical characteristics of the kernel such as grain length, width, height, and area. 2.2. Molecular analysis and genotyping 2.2.1. DNA extraction Leaf samples were collected from all RILs along with the two parents, frozen in liquid nitrogen, and stored at -70 °C until use. Genomic DNA was extracted from leaf tissue according to the CTAB method described by Doyle and Doyle (1990) , with minor modifications as reported by Baloch et al. (2010) .
Simple sequence repeat analysis
The SSR markers used in this study were selected from previous published literature (Röder et al., 1998) . The origins of SSR markers used in this study are given in Table  1 . In total, 317 SSR primers, previously mapped to the A, B, and D genomes, were used to screen for polymorphisms between Gerek-79 and Arrehane. Only 65 SSR primers showed polymorphisms among parents. First, M13 tailed-primer PCR amplification of SSRs was performed according to the method described by Cömertpay et al. (2012) . M13 tailed-SSR markers produced some nonspecific amplification products. To reduce or eliminate nonspecific amplification of M13 tailed-SSR markers, different concentrations of the M13 primer (0.2, 0.4, 0.6, 0.8, and 1.0 pmol) and MgCl 2 (0.2, 0.4, and 0.6 µL; 2.5 mM) were used. The M13 primer at a concentration of 0.6 pmol and MgCl 2 in the amount of 0.6 µL (at 2.5 mM concentration) led to the best results, and minimum nonspecific amplification was observed.
The PCR mixture consisted of a total volume of 12 µL containing 1X PCR buffer (1.2 µL), 2.5 mM dNTP (0.96 µL), 25 mM MgCl 2 (0.4 µL), 0.6 pmol universal M13 sequence tailed forward primer, 5 pmol (0.12 µL of forward and 0.48 µL of reverse) primer, 0.12 U/µL Taq DNA polymerase, and approximately 15 ng of genomic DNA. The PCR cycling program consisted of an initial denaturation step of 94 °C for 5 min; 30 cycles of 94 °C for 1 min, annealing temperature (depending on primer) for 1 min, and 72 °C for 1 min; eight cycles for the M13 labeled primer consisting of 94 °C for 30 s, 53 °C for 45 s, and 72 °C for 45 s; and a final extension at 72 °C for 15 min. Polymorphism between the parents and the segregation of polymorphic alleles were revealed when samples were electrophoresed on a denatured polyacrylamide gel using a LICOR DNA analyzer (Model 4300).
DArT analysis
A detailed account of the methods used to prepare the high-density bread wheat DArT array has been previously reported (Petroli et al., 2012) . Genomic DNA of two parental lines and 114 RILs were sent to Triticarte Pty. Ltd. (http:// www.triticarte.com.au or http://www.diversityarrays.com/).
Marker evaluation, segregation analysis, and map construction
Two parameters were used to eliminate problematic markers for linkage analysis. Clones with a P value (an estimate of marker quality) higher than 70 and a call rate (percentage of valid scores in all possible scores for a marker) of 80% or higher were selected for mapping analysis. DArT markers with a polymorphism information content (PIC) value of less than 0.304 were also removed from the linkage map analysis.
Diversity array technology segregation data were merged with the segregation data for 65 SSR markers. For each segregating marker, a chi-square analysis was performed to test for deviation from the 1:1 expected segregation ratio. JoinMap 3.0 was used to assign markers to linkage groups by employing a logarithm of the odds (LOD) with threshold values ranging from 3.0 to 5.0 (Van Ooijen et al., 2002) . Recombination distances were determined using the Kosambi mapping function (Kosambi, 1944) . The relative order of SSR markers was compared with previously published wheat microsatellite maps. The Map Chart Ver. 2 computer software program was used to draw linkage groups by using cM values obtained from the JoinMap program. 
Results
A linkage map of Anatolian bread wheat was constructed using DArT markers anchored with SSR. Linkage analysis was conducted with 883 DArT markers. Out of 883 DArT markers used for mapping, 827 were mapped on different linkage groups, whereas the remaining 56 DArT markers were not mapped and remained unlinked. Out of 827 DArT markers, 23 were mapped on chromosomes different from their known location as reported in the published literature. Similarly, 77 DArT markers (9.3%), the chromosomal locations of which were until now not reported in the literature, were clustered on different chromosomes. In total, 317 SSR markers were screened for polymorphisms between two parents that were previously mapped in genomes A, B, and D. Out of these, only 64 markers (20%) were polymorphic among the whole set of 114 RILs.
In the present genetic map construction, SSR markers were selected to anchor DArT markers on all 21 chromosomes of bread wheat. Unfortunately, some of the chromosomes remained without SSR markers due to the lack of polymorphisms in SSR markers for those chromosomes. Out of 64 polymorphic SSR markers, only 39 were mapped on different chromosomes, whereas the remaining 25 were not linked and remained unmapped. Some SSR markers were clustered with DArT, but were not mapped on the linkage groups due to weak or insufficient linkages between SSR and DArT markers. This reinforces the need to include a high number of SSR markers in the map, as well as other types of markers (non-DArT markers), to cover all possible genomic regions.
Genome coverage
The final genetic map consisted of 866 markers, including 827 DArT and 39 SSR markers, which were assigned to all 21 chromosomes, spanning a total map length of 935.629 cM (Figures 1a and 1b) . The total number of markers mapped varied from 5 to 87 depending on the chromosome (Table 2) . Chromosomes 5D and 4D contained the least number of markers (five and seven markers, respectively), whereas chromosome 3B contained the highest number of mapped markers (87). The average number of mapped markers per chromosome was 41.2 and the map length of the chromosomes varied from 3.252 to 81.367 cM. Chromosome 4D had the shortest map length (3.252 cM), whereas chromosome 3B had the longest map length (81.367 cM), with an average map length of 44.54 cM. There was also variation in marker density per chromosome ( Table 2 ). The density of markers on the map varied from 0.465 cM/marker on 4D to 2.459 cM/marker on chromosome 2D, with an average density of 1.080 cM/ marker.
The distribution of molecular markers, assignment, and cM coverage across the 21 bread wheat chromosomes in the A, B and D genomes is given in Table 2 . Genome B contained the highest number of markers (359 markers), compared with genome D (259 markers) and genome A (248 markers). The total map length of genome B was 402.892 cM, which was longer than those of genomes D (273.983 cM) and A (258.754 cM). Genome D contained 20 SSR markers, whereas 10 and 9 SSR loci were assigned to genomes B and A, respectively.
There was also a large variation in the number of markers, the length of chromosomes, and the marker density based on the homologous groups ( Table 2 ). The highest number of markers was placed on homologous group 6 with 185 markers, followed by homologous group 3 (171 markers), homologous group 1 (161 markers), homologous group 7 (133 markers), and homologous group 2 (126 markers). The lowest number of markers was grouped in homologous group 4 with 44 markers, followed by homologous group 5 (46 markers). Homologous group 4 was the group with the shortest map length (49.388 cM), followed by homologous group 5 (83.457 cM). On the other hand, homologous group 1 had the largest map length (175.988 cM) followed by homologous group 2 (171.545 cM). The lowest marker density was noted in homologous group 6, at 0.852 cM/marker, whereas the highest marker density was recorded in homologous group 5 at 1.814 cM/ marker, followed by homologous group 2 with marker density of 1.361 cM/marker. The highest number of SSRs was mapped on homologous group 2 having nine SSR markers, followed by homologous groups 1 and 7, each having seven SSR markers. Homologous group 5 had six SSR markers. Homologous groups 3 and 4 each had three SSR markers, whereas homologous group 6 had four.
Chi-square analysis of the number of markers mapped to each linkage group indicated a significant deviation from that anticipated based upon linkage group length. Segregation analysis data indicated that 63.88% of markers were inherited from Gerek-79 and that 14% were inherited from Arrehane. Significant (P < 0.01) segregation distortion was detected for 746 markers, which was 78% of the total used for linkage analysis.
Discussion
Map comparison and marker order
The development of several types of molecular markers in the last 30 years has greatly facilitated the construction of genetic linkage maps for a variety of crop species. A prerequisite for the construction of genetic linkage maps is the availability of polymorphic molecular markers. In the last decade, the efficiency of genetic mapping in wheat and many other crops has been improved significantly with the increasing availability of another class of polymorphic markers called DArT markers. DArT markers are among the most widely used tools in the generation of The order of the DArT and SSR markers was evaluated with regression mapping. The positions of 827 DArT and 39 SSR marker loci mapped in the present study were compared with previously published maps of bread and durum wheat. Tentative assignment of the chromosomal location of each DArT marker was also provided by Triticarte Pvt. Ltd., based on many well-curated genetic maps that were built and analyzed by the Triticarte team. DArT markers were compared with consensus bread wheat maps published by Akbari et al. (2006) , Semagn et al. (2006) , Crossa et al. (2007) , and Mantovani et al. (2008) . SSR markers were compared to the bread wheat consensus map published by Somers at al. (2004) , the ITMI map published by Song et al. (2005) , and the bread wheat map of Zhang et al. (2008) .
The linkage map generated here is consistent with other published intervarietal maps in terms of the positions and orders of commonly mapped markers (Figures 1a and 1b) . The frequency (9.8%, 81 out of 827) of mapped DArT and SSR markers on the Gerek-79 × Arrehane map was similar to previously published wheat maps (Akbari et al., 2006; Semagn et al., 2006; Crossa et al., 2007; Mantovani et al., 2008) . Of these, 81 DArT and 39 SSR markers were used as anchors to compare the order and position of markers on our map. There were small discrepancies in the order of markers when compared with different maps. Some rearrangements, inversions, and translocations of markers were observed in the Gerek-79 × Arrehane linkage map when compared with previously published DArT genetic linkage maps (Akbari et al., 2006; Semagn et al., 2006; Mantavoni et al., 2008; Peleg et al., 2008) . Semagn et al. (2006) reported that differences in the order of markers between different genetic maps are not surprising as genetic mapping only gives an indication of the relative positions of each marker. Mantavoni et al. (2008) also illustrated that different orders of some markers are acceptable and that inconsistency in the map position could be explained by the presence of additional loci in the wheat genome.
The length of the map described in the present study was shorter than those of previously published bread wheat maps (Paillard et al., 2003; Quarrie et al., 2005; Akbari et al., 2006; Huang et al., 2006; Semagn et al., 2006; Li et al., 2007) . There could be several reasons for the shorter map length in the present study. The DArT markers amplify redundant clones and then hybridize with the amplified clones to produce hundreds of fragments. However, this large number of fragments results from a few genomic areas resulting in very close genetic distances. In our study, the average distance between two DArT loci was 0.6 cM. Low average distance between two consecutive DArT loci has been reported in many species, including bread wheat. Liu (1998) reported that marker coverage and genetic map density are influenced by many criteria such as polyploidy nature, genome length, number of markers, types of markers, distribution of markers, crossovers in the genome, mapping population size, and mapping strategy. The clustering of tightly linked DArT markers and the very low number of loci on some chromosomes in the Gerek-79 × Arrehane genetic linkage map could be explained in two ways. It might reflect the genetic situation in the population used in this study, or it might be due to specific features of the applied DArT markers.
Linkage groups
Linkage mapping in the present study identified 54 linkage groups, many of which contained more than the 21 haploid chromosomes of hexaploid wheat. The number of linkage groups varied among different chromosomes and genomes. The number of linkage groups per chromosome varied from one for 1B, 1D, 3D, 4D, and 5D to five for 7B. There could be several reasons for the higher number of linkage groups per chromosome. Large numbers of linkage groups compared with the haploid chromosomes number suggest that several genomic regions remain undetected with the present set of markers. Theoretically, the number of linkage groups should be equal to the number of haploid chromosomes, such that the genetic linkage map should include 21 linkage groups. However, this map has 54 linkage groups with 33 extra groups. Few linkage groups have only a small number of markers. This means that a larger number of markers should be included, particularly non-DArT markers, to saturate the linkage map. Similarly, a higher number of linkage groups was also reported in durum wheat. For example, 21 linkage groups were reported for JK × Ch1 (Nachit et al., 2001) , 18 for MDM (Elouafi and Nachit, 2004) , 23 for the K/S map , 25 for Meridiano × Claudio, 20 for Colosseo × Lloyd (Trebbi et al., 2011) , and 26 for consensus parental maps (Vaissayre et al., 2012) , instead of 14 linkage groups of durum wheat. In the present study, the linkage map was constructed with 866 markers, which is higher than that used for most of the previous published maps (Suenaga et al., 2005; Semagn et al., 2006; Nalini et al., 2007) . Despite the large number of markers used in the present study, several genomic regions remained undetected. Use of the DArT markers could be a possible cause of the large number of linkage groups. Iqbal et al. (2012) reported that DArT markers could be biased to certain genome regions, suggesting that a large number of markers amplified the same genomic region. Most of the markers amplified very close to some genomic region, resulting in the gap between markers causing a large number of groups.
Marker evaluations
In the Gerek-79 × Arrehane linkage map, marker distribution along the linkage groups was far from uniform, with clusters of tightly linked loci and regions with small numbers of low density markers. The distribution of DArT markers over chromosomes as well as in the homologous groups varied; some chromosomes remained unsaturated with a low number of markers. Although some chromosomes contained a high number of markers, the chromosome length was very short, showing that most of the DArT markers were tightly linked. Homologous groups 5 and 4 contained the lowest number of DArT markers; in particular, 5D and 4D contained only five and seven markers, respectively. The low density of DArT markers in group 5 has been previously reported in both bread and durum wheat in mapping studies (Mantovani et al., 2008) . Akbari et al. (2006) and Semagn et al. (2006) mapped only three markers on 5A and no DArT markers on chromosome 4A over several hundred successfully mapped DArT markers. Mantovani et al. (2008) also reported insufficient coverage of DArT markers on homologous groups 4 and 5. Underrepresentation of the polymorphic fragments on groups 5D, 5A, and 4D in the present Gerek-79 × Arrehane linkage map might be due to the activity of methylation-sensitive restriction enzymes such as PstI and Sse83871 (Mantovani et al., 2008) . Van Os et al. (2006) reported that genomic representations obtained with PstI reflect the methylation status of the genomic DNA and produce markers that preferentially map to hypomethylated gene-rich regions.
Seventy-seven DArT markers, which were not published and had not been assigned to any chromosomal location in the previous linkage studies, were mapped on different chromosomes, including chromosome 1A (3), 1D (3), 2A (2), 2B (2), 2D (4), 3A (2), 3B (4), 3D (19), 4A (2), 4D (6), 5B (1), 5D (4), 6A (2), 6B (2), 6D (11), 7A (1), 7B (3), and 7D (6).
Microsatellite markers were used as anchor primers for chromosomal arms. They allow the construction of a high-confidence framework map. Microsatellite markers are genome-and chromosome-specific and/or locusspecific. Their inclusion in the linkage map allows for more precise and accurate identification of the linked genomic regions. Some SSRs were included in the present genetic map to confirm the position of the DArT markers on the chromosomes. Most SSR markers were mapped in accordance with previously published locations, except for two markers, cfd5 and cfd48. SSR marker cfd5 was mapped on chromosome 6D instead of the location reported in the literature at chromosome 5B, and cfd48 was mapped on 1B instead of 1D (Somers et al., 2004; Song et al., 2005) .
All of the SSRs used in this study amplified one locus. This is consistent with earlier results that showed that the majority of SSRs are chromosome-specific and usually amplified only a single locus (Röder et al., 1998; Korzun et al., 1999; Elouafi and Nachit, 2004) . SSR markers were not evenly distributed along chromosomes in the Gerek-79 × Arrehane map, even though we attempted to select appropriate SSRs according to their known positions on chromosomes. Some of the chromosomes remained without SSR markers. The level of polymorphism in SSR markers was very low among parents.
Segregation distortion
Segregation distortion (SD) is defined as the deviation of genetic segregation ratios from their expected Mendelian fraction (Lyttle, 1991) . Chi-square tests indicated a significant deviation from that anticipated based upon linkage group length. The RILs can be classified into three categories according to their genotypes: families with the same parental allele frequency (201: 21.22%), families with dominant maternal allele frequency (605: 63.88%), and families with dominant paternal allele frequency (141: 14.89%). Among 947 markers, 746 marker loci (78.78%) deviated significantly from the 1:1 Mendelian segregation ratio in the progeny mapping population.
SD markers were distributed on all three genomes, spanning all 21 chromosomes. SD has been reported in previous linkage maps using DArT markers. Genomic representations obtained using PstI reflect the methylation status of the genomic DNA and produce markers that preferentially map in hypomethylated gene-rich regions (Van Os et al., 2006; Mantavoni et al., 2008) . It could be presumed that the genomic representations obtained with PstI reflect the presence of methylation sites and produce markers in the hypomethylated gene-rich regions, and that DArT clones mostly appear in the telomeric regions of chromosomes due to high G+C contents of the PstI sites and the high recombination rate of these genetic loci. These regions in the Gerek-79 × Arrehane linkage map might be associated with SD.
The phenomenon of SD and its causes is poorly understood (Jenczewski et al., 1997) . A single mechanism or a combination of different mechanisms may be responsible for SD in any particular case. SD has been frequently detected in polyploid species such as hexaploid and tetraploid wheat mapping populations. Deviations from Mendelian segregation ratios are widespread in plants and have been reported in all plants, including several Triticeae species (Heun et al., 1991; Blanco et al., 1998; Nachit et al., 2001 ). In our study, most of the distorted loci (63.88%) skewed towards the maternal parent (Gerek-79), which implies that SD is much more frequent in the female parent than in the male parent. This is consistent with the hypothesis that megasporocytes are more tolerant of genetic imbalance than are microsporocytes, suggesting the occurrence of some form of selection at the female gamete level. The deviation of markers from the expected segregation ratios might be related to the passage through male or female gametes rather than being dependent on a specific genotype.
Genetic control of segregation disturbance has been reported in rice (Xu et al., 1997) . Castro et al. (2011) reported the presence of segregated distorted loci on linkage group 4 of the chickpea genetic map, pointing towards those genetic factors that are responsible for SD. Eujayl et al. (1997) also concluded that SD occurred not because of the marker technique, but because of SD of the gametes or zygotes leading to the F2 progenies. The apparent preferential transmission of one parental genotype towards some areas of the genome suggests that these areas may carry genes that affect gamete viability.
The phenomenon of SD might be an important limitation in map construction as it may affect both the establishment of linkage groups and the estimation of recombination frequencies. In this study, we first eliminated markers showing SD and constructed linkage groups with only solid markers that followed the 1:1 Mendelian segregation order. In total, 201 markers with normal segregation were used in preliminary linkage map construction. Later, we subsequently added the distorted markers with low-level SD. When distorted markers were integrated into the map framework, their introduction did not affect the previous statistical confidence of marker order. Furthermore, they were distributed among linkage groups with normally segregating loci. Consequently, we included the full set of markers. Our result is consistent with that of Anhalt et al. (2008) , who also illustrated that the inclusion of skewed markers had no effect on the linkage arrangement. Chen et al. (2011) also found significant SD in kenaf (Hibiscus cannabinus L.) using ISSR, SRAP, and RAPD markers and reported that inclusion of distorted loci did not have any negative effect on the placement of normal markers or on linkage groups. Conversely, Anhalt et al. (2008) reported that ignoring SD markers in a mapping population for further analysis or eliminating them from further calculation is questionable. These markers distort the distances of genetic markers on a map and can lead to underestimation of the number of required markers for fine mapping studies. In our population, SD was higher than that observed for other plant species, as well as for durum and bread wheat. However, in the ryegrass (Lolium perenne) VrnA F2 mapping population (Jensen et al., 2005) , 60% of the marker loci demonstrated SD.
SD is most commonly observed in interspecific crosses; however, previous studies showed that the distortion phenomenon also occurs in intraspecific crosses. While SD is a common phenomenon in different types of mapping populations, for example F2, RILs, or doubled haploids (DHs), RIL populations have the highest potential for such distortions due to the existence of selection forces over many generations (Singh et al., 2007) , which can amplify the loss of vigor with enforced inbreeding. According to Anhalt et al. (2008) , population structure seems to be an important factor for SD and can lead to variation in the proportion of distorted markers. Xu et al. (1997) published a study based on six genetic linkage maps of rice with different population structures and reported that RILs demonstrated the highest frequency of markers displaying SD. Lu et al. (2002) made a similar observation and described that there was higher SD in RIL populations than in DH, backcross, and F2 populations. An explanation for SD in RIL populations could be inbreeding depression because of an increase in the number of homozygote genotypes over heterozygote genotypes. All of the abovementioned researchers indicated that SD most likely accumulates along with the additional generation of meiosis during inbreeding. Furthermore, Nachit et al. (2001) reported that the selective survival of RILs due to the single-seed descent method could be a possible cause of SD in the RIL population. These SDs might also be due to chromosomal rearrangements (Tanksley, 1984) , alleles that induce gametic or zygotic selection, reproductive differences between the two parents (Foolad et al., 1995) , lethal genes (Blanco et al., 1998) , or sterility induced by the distant genetic parental background. Moreover, the diverse genetic background could be a possible reason for segregation distortion. For example, Gerek-79 and Arrehane are genetically distant parents, and segregating progeny were also derived from a cross of spring and winter wheat varieties.
A genetic map with full genome coverage and confidence in locus order is necessary for the detection, mapping, and estimation of gene effects on phenotypic traits. This is the first genetic map of bread wheat from Turkey and from the gene pool of the WANA region; therefore, it could serve as a valuable source to identify new markers that are linked with unique alleles from this region. This map provides a valuable resource for wheat genetic research, confirming the genetic location of DArT markers on their relevant chromosomes. Moreover, around 77 DArT markers were also mapped on different chromosomes, which were not previously reported and had not been previously assigned to any chromosomal location, thus expanding the pool of markers available for wheat research. A limitation of QTL studies performed on individual biparental populations is the low number of molecular markers present in the region in which the QTL is identified. The construction of a highly saturated linkage map for Gerek-79 × Arrehane, which segregates for several traits of interest, will enhance gene discovery and ultimately increase the efficiency of molecular breeding for bread wheat. Therefore, more nonDArT markers should be incorporated to increase the density and resolution of this map for future study. The present study describes a representative genetic map of the bread wheat gene pool from Turkey. This map will be used to detect further QTLs for agronomic, quality, and kernel characteristics of bread wheat, and as a tool for MAS and map-based breeding for traits of interest. Thus, in the future, the Gerek-79 × Arrehane map might provide useful information for cloning major QTLs that control economically important traits.
